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Vane/blade interactionsAbstract This study concerns the characterization of both the steady and unsteady flows and the
analysis of stator/rotor interactions of a two-stage axial turbine. The predicted aerodynamic perfor-
mances show noticeable differences when simulating the turbine stages simultaneously or sepa-
rately. By considering the multi-blade per row and the scaling technique, the Computational
fluid dynamics (CFD) produced better results concerning the effect of pitchwise positions between
vanes and blades. The recorded pressure fluctuations exhibit a high unsteadiness characterized by a
space–time periodicity described by a double Fourier decomposition. The Fast Fourier Transform
FFT analysis of the static pressure fluctuations recorded at different interfaces reveals the existence
of principal harmonics and their multiples, and each lobed structure of pressure wave corresponds
to the number of vane/blade count. The potential effect is seen to propagate both upstream and
downstream of each blade row and becomes accentuated at low mass flow rates. Between vanes
and blades, the potential effect is seen to dominate the quasi totality of blade span, while down-
stream the blades this effect seems to dominate from hub to mid span. Near the shroud the prevail-
ing effect is rather linked to the blade tip flow structure.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Axial turbines of modern aero-engines are designed at high
loading factors, hence leading to inherently complex flows
which are in essence unsteady owing to the relative motion
between nozzle guide vanes (NGV) and rotor blades. Each
row generates non-uniformities in the downstream flow field
due to potential and viscous effects which are ingested by the
following vanes/blades’ rows. Among the most important
non-uniformities in the case of hp turbines are wakes, sec-
ondary flows, shocks and hot-streaks. Early flow models used
894 A. Ghenaiet, K. Touilsimplifying assumptions such as the through-flow1 methods
neglecting the circumferential variations and unsteadiness
related to the relative motion between rotating and stationary
parts. After advents of CFD tools, and since experiments are
cumbersome and in many cases impossible, it has become pre-
sumably possible to predict the details of flow structures and
direct investigations towards the most challenging unsteady
phenomena, especially the stator/rotor interactions.
The flow computations based on one blade per row is still
used when predicting the turbomachinery performance. How-
ever, Dieter and Jing2 have concluded that with a computa-
tional domain restricted to one blade, there is a variation in
the turbine stage efficiency about 0.52% among different
clocking positions. Therefore, there is still a need for reducing
the computational domain in multi-component machinery
without affecting too much the flow physics. In this issue many
workers accounted for the non-integral blade counts, such as
Erdos et al.3 who first developed the ‘‘phase lagged method”
to compensate for the non-integral blade counts without mod-
eling the entire blades rows. Adamczyk4 after introducing the
mixing-plane method5 proposed the average-passage method
in which the rotor domain is expanded upstream and down-
stream. Giles6 modified the ‘‘phase lagged method” and elim-
inated the assumption of temporal periodicity by using the
time inclined computational plane. A way of calculating
rotor-wake interaction is to use ordinary unsteady CFD with
the time lagged periodic boundary condition, i.e., the choro-
chronic periodicity7,8 and the Fourier representation near peri-
odic boundaries. Gerolymos et al.8 gave a detailed analysis of
the chorochronic periodicity and proposed a new methodology
for predicting the unsteady aerodynamics of the interactions
between two blade rows based on Fourier series both in time
and circumferential direction. By comparing with the measure-
ments made for a 1.5 stage turbine, the ability of this technique
in studying stator/rotor interactions was clearly shown. Miller
et al.9 studied the interaction of an hp transonic turbine stage
followed by an intermediate vane, focusing on the upstream
potential effects of the vanes on the rotor blades, which seemed
to be only affected downstream the throat. Later, Miller et al.10
described accurately the flow structure of vane and the shock/
wake interaction and migration of flow across the rotor and
the interference of both rotor and second vane potential fields
on the coming flow.
Rai and Madavan11 concentrated their study on the scaling
technique to overcome the problem of non-integral blade
counts by scaling the blade pitch while maintaining a constant
solidity ratio. Arnone and Pacciani12 carried out the domain
scaling technique for a two-stage transonic turbine having 22
vanes and 38 blades. The scaled configurations were succes-
sively: 1/2 (scaling ratio 0.87), 3/5 (scaling ratio 1.036), 4/7
(scaling ratio 0.987) and 7/12 (scaling ratio 1.0076). Their con-
clusion is that the 1/2 configuration led to a premature choking
in the rotor passages and the pressure distributions were signif-
icantly affected, but these effects were largely reduced in the
3/5 configuration and even nonexistent in the 4/7 configura-
tion. Clark et al.13 and Yao et al.14 have shown the importance
of modeling the actual blade counts in multi-stage simulations
for accurate predictions of the entropy migration and the fre-
quency spectrum resulting from stator/rotor interactions.
Clark et al.13 investigated the effect of blade count and scaling
on the unsteady pressure field for a configuration of an axial
turbine representative of a modern design, consisting of 36vanes and 56 blades of the hp stage and 36 vanes of the lp
stage. They showed that as the scaling was used (holding the
mid-span axial gap) to reduce the computational domain to
only 2 vanes and 3 blades for the first stage and 2 vanes for
the second stage (1/18th of wheel), errors in the unsteady pres-
sure amplitudes could arise. Also Yao et al.14, based on simu-
lations for a 1.5 stage axial turbine of vane/blade counts 36, 41
and 36, showed that for the configurations 6/7/6 (scaling ratio
0.9762) and 1/1/1 (scaling ratio 1.14), the time-averaged pres-
sure distributions over the vanes and blades were not signifi-
cantly affected, and concluded that the scaling ratio should
be kept close to unity. He and Chen15 applied the unsteady
Navier–Stokes equations to analyze the stator/rotor interac-
tions in an axial turbine with 32 vanes and 48 blades, and con-
cluded that the computational domain consisting of 2 vanes
and 3 blades produced unsteady pressures that were compared
well with the experimental data. The aforementioned studies
showed a veritable challenge for the CFD codes in providing
acceptable details of the main flow features, especially the sta-
tor/rotor interactions which involves the potential interaction
propagating both upstream and downstream. The magnitude
of this effect depends on the Mach number and the axial
inter-distance. Unlike the potential influence, the blade wake
is only convected downstream and the static pressure does
not vary significantly. In the transonic regime, shock structure
provokes intense unsteady effects. The most significant contri-
bution to unsteadiness is the periodic chopping of wakes16 and
secondary flow vortices from the upstream blade row by the
downstream blade row.17,18 Also the interactions of convected
secondary flow vortex/tip leakage vortex with the periodic
wake or potential field should be considered. According to
the literature there are few published works on the unsteady
interactions between leakage flows and adjacent vane/blade
rows in axial turbines. Behr et al.19 have indicated that the
pressure field of the second vane has an influence on the devel-
opment of tip leakage vortex of the rotor. Qi and Zhou [20]
performed an experimental and a numerical investigation in
the blade tip region and concluded that the upstream wakes
are shown to reduce the strength of the tip leakage vortex,
and owing to the unsteady effects of wakes there is appearance
of counter-rotating vortex pairs within the tip leakage vortices
which cause a significant pressure fluctuation.
This study concerns the determination of aerodynamic per-
formance of an hp two-stage axial turbine and the analysis of
stator/rotor interactions by means of the code Ansys-CFX.
Because the computing power was very limited, the technique
of domain scaling was applied to reduce the computational
domain and grid size. This latter required a careful treatment
for the blade profiles and aspect ratio while adopting a scaling
ratio close to unity in order to conserve the physical periodicity
and not altering too much the aerodynamic performance. The
fluctuations of static pressure were recorded at different points
and lines and the FFT was used to analyze the flow unsteadi-
ness characterized by a space–time periodicity, leading to the
determination of different frequencies and spatial modes char-
acterizing these interactions.2. Geometry and computation grids
This two-stage hp axial turbine (Fig. 1) drives an hp compres-
sor of an old turbofan engine. The determination of the
Fig. 1 The two-stage hp axial turbine components.
Fig. 2 CAD of the two-stage axial turbine.
Fig. 3 Grid size dependency.
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an optical measuring machine equipped with a contact-less
optical feeler and a three-jaw chuck to rotate and sweep the
totality of measured surfaces. The main data are given in
Table 1 and the CAD models are shown by Fig. 2.
The grids of the vanes and rotor blades required the topol-
ogy of different blocks to be arranged in regular (structured)
and irregular (unstructured) patches meshed by hexahedral ele-
ments with an H-grid type at leading edge and J-grid at trailing
edge. An O-grid guaranteed near-orthogonal elements and a
better resolution of boundary layers around vanes and blades
and a clustering near the hub and blade tip allowing a good
resolution of the flow gradients and the vortical structures.
Local refinements to boundary layers required values of y+
compatible with the turbulence model k–x SST which has been
validated in various turbomachinery applications and pro-
duced excellent results, particularly with regard to flow separa-
tions. The near wall distance was estimated based on the first
node distance21 yp ¼ 357:77 cRe0:92c , and to cover regions of
high Reynolds number, the maximum of flow velocity was
used. After a preliminary assessment of grid refinements under
the nominal operating conditions, corrections for the near wall
distances were made and the steady simulations were repeated
to assess the final quality of the grids. To study the dependency
of flow solution on the mesh sizes, the total-to-total isentropic
efficiency gttis is plotted (Fig. 3) against six grid sizes, showing
a stability of solution above a grid size of 653,344 nodes which
was considered for the next computations. The different grids
are presented in Fig. 4 and the meridional view is shown by
Fig. 5.Table 1 Main characteristics of hp two-stage axial turbine.
Characteristics Dimension (mm)
1st
NGV
1st
rotor
2nd
NGV
2nd
rotor
Blade count 46 80 56 74
Inlet hub diameter 737 727 720 686
Inlet shroud diameter 836 836 836 864
Outlet hub diameter 727 720 686 682
Outlet shroud
diameter
836 836 864 864
Average blade height 52 56.25 73.5 90
Tip clearance 2.146 2.1463. Steady flow simulations
The steady flow simulations were carried out by means of the
code Ansys-CFX, under the operating conditions correspond-
ing to averaged inlet total pressure Pt0 = 2,841,460 Pa and
temperature Tt0 = 1510 K, while the rotational speed was var-
ied around the nominal value of 9823 rpm.22 The frozen rotor
interface is useful when the circumferential variations of flow
properties are large. In such an interface, the stationary and
rotating frames are connected so that each sliding interface
has a fixed relative position for producing the steady solution
to the multiple frames and accounting for interactions between
them. The stage interface appropriately used in predicting the
aerodynamic performance does not require the interfaces to be
identical on both sides, and the averaging incurs a one-time
mixing loss equivalent to assuming that the physical mixing
supplied by the relative motion between the components is suf-
ficiently large to cause any upstream velocity profile to mix out
prior entering the downstream component.
Fig. 4 The components grids.
Fig. 5 Meridional view of the different grids.
896 A. Ghenaiet, K. Touil3.1. One-blade per passage simulations
Here, the averaged inlet total pressure and temperature were
imposed at inlet of first NGV and a static pressure was speci-
fied at exit of second rotor, while the periodic boundary condi-
tion applied at one pitch away of each component. The high
resolution advection scheme with a local time scale factor of
10 was used for the flow simulations. The predicted aerody-
namic performance maps based on the stage interface are given
in terms of total-to-total isentropic efficiency gttis and total-to-
total expansion ratio ptt as function of reduced mass flow
parameter _m
ﬃﬃﬃﬃﬃﬃ
Tt0
p
=Pt0, for different rotational speeds of
N= 30–107.4% of the nominal speed Nn.
First, the aerothermodynamic performance of the two-stage
axial turbine (Fig. 6(a)) depicts a limited operating range at the
highest speed of; rotation. The peak of total-to-total isentropic
efficiency gttis increases slightly for each rotational speed, and
the maximum efficiency reaches a value of 88.43% for a
reduced mass flow parameter of 1.552  103 (mass flow rate
of 113.5 kg/s) at a rotational speed of 107.4%. The predicted
expansion ratio with rotational speed depicts curves practically
superimposed and become steep at high mass flow rates to
reach the choking limit having a critical value that varies with
the speed of rotation. The performance maps of the first stage
(Fig. 8(b)) depict a slight increase in the peak of efficiency with
rotational speed, and the curves of expansion ratio are distin-
guishable at low mass flow rates. The design point seen at a
peaked efficiency of 92.06% corresponds to a reduced mass
flow parameter of 1.42  103 (mass flow of 104 kg/s) and a
rotational speed of 107.4% nominal speed. According to the
curves of efficiency, the operating range of the first stage is
wider compared to the two-stage hp turbine. On the other
hand, the performance maps of the second stage (Fig. 8(c))
are strongly influenced by flow non-uniformities imposed by
the first stage that caused an increase in entropy convected
through the next components. At low mass flow rate the differ-
ence in the curves of expansion ratio is more noticeable. Thepeak of efficiency reaches a value of 91.42% for a reduced
mass flow parameter of 3.1  103 (mass flow of 112.89 kg/s)
at a rotational speed of 100% nominal speed.
For the nominal operating point (N= 10,550 rpm and
m= 113.5 kg/s), the evolutions of average expansion proper-
ties based on mass averaging exhibit a large drop in total pres-
sure through the first rotor which is more loaded than the
second one. Fig. 7(a) depicts the streamwise variation of aver-
age static pressure through this reaction turbine which has an
estimated reaction rate equal to 26.5% for the first stage and
69.5% for the second stage. The average Mach number
(Fig. 7(b)) shows flow acceleration through first NGV reaching
a supersonic velocity beyond the throat. With respect to rotat-
ing blades, the flow is more accelerated through the second
rotor of a higher rate of reaction.
The spanwise distributions of static pressure as plotted
(Fig. 8a) over the meridional planes of vanes and blades depict
a clear drop in static pressure through the components, espe-
cially the first NGV. The flow velocity is seen to decrease from
hub to shroud of first NGV, but on the contrary, in the second
one it increases upward followed by an abrupt drop near the
shroud. High pressure loading is seen over the blades and
the flow is accelerated to reach a sonic speed at throat, even
higher towards the tip due to circumferential speed. The flow
behavior in the second rotor is largely affected by the flow
structures of the upstream components.
The flow streamlines colored by the relative flow velocity
and plotted on blade-to-blade planes (Fig. 9) show that the
flow is well guided except towards the tip where the leakage
flow and local vortices deflect the flow from pressure side to
suction side of blade. The tip leakage flow occurs as a result
of pressure difference forcing the main flow to generate the
tip leakage vortex and horseshoe vortex emanating from the
leading edge and extending farther to interact with the down-
stream vane and initiate hot spots in its tip region. The flow
across the first vane is well guided except near the hub
(Fig. 10(a)) where a bubble is formed added to secondary flows
from the suction side. A part of the vane’s wake is ingested to
cause a flow deviation at the blade leading edge of blade,
thereby inducing a large disturbance to the flow incidence. In
the first rotor blade, the streamlines (Fig. 10(b)) are seen to
deviate in the spanwise direction, leading to the formation of
hub passage vortex. The wake induced by first rotor blade as
well as the tip leakage flow and the vortices impose a negative
flow incidence towards the second vane, resulting in the forma-
tion of a large vortex which disturbs the flow towards the sec-
ond rotor blade. Moreover, the secondary flows (Fig. 10(c))
deflect streamlines towards the hub and shroud over the pres-
Fig. 6 Performance maps (total-to-total expansion ratio and total-to-total isentropic efficiency).
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ond rotor blade (Fig. 10(d)) the flow structure, largely affected
by the previous components, is characterized by the leakage
flow and the horseshoe vortex enveloped by the leakage vortex
which mixes out with the annulus wall boundary layer.
The meridional distribution of entropy (Fig. 11(a)) reveals
an increase in losses at the throat of first vane. The wake
and the vortex shedding over blade tip and the boundary layers
at endwalls of first rotor blade (Fig. 11(b)) appear clearly as
sources of entropy generation. The maximum of entropy is
seen near the casing as a result of strong tip leakage vortex cre-
ated by the first and second rotor blades. The effect of tip leak-age vortex from first rotor blade is felt in the second NGV
causing a high flow incidence and participating in generating
a vortex flow at the shroud corner. In the second rotor the
effect of tip leakage vortex is more intense compared to the
first rotor.
3.2. Multi-blade passage simulations
The scaling technique is based on the principle of modifying
for each row the blade count and the chord and thickness of
blade while conserving the solidity and the circumferential
periodicity. For not affecting too much the flow structures
Fig. 7 Evolutions of expansion properties.
(a) Meridional plane                                             (b) Different spans 
Fig. 8 Static pressure distribution.
Fig. 9 Streamlines colored by the relative flow velocity at
different spans.
898 A. Ghenaiet, K. Touiland the unsteady behavior by changing the frequencies of
interactions, it is necessary to make these modifications as
weak as possible and use low values of the scaling factors.
To satisfy these considerations, the computational domain
was modified to the new configuration of 4/7/5/7 passages; that
means 4 vanes and 7 blades for the first stage and 5 vanes and 7
blades for the second stage. In order to keep the true periodic-ity at the angle of 31.5, the scaling ratios used for the vane and
blade of the first stage are both equal to 1, whereas for the sec-
ond vane and blade the scaling ratios are equal to 1.018 and
1.081, respectively. The new computational domain is gener-
ated under CFX-Pre using the transform mesh option to create
the multiple vanes and blades passages, hence resulting in a
total grid size of 3,834,245 nodes which suited our computing
resources.
The plot of static pressure at different blade-to-blade planes
(Fig. 12) show that the leading edges of blades are not loaded
the same, especially the first rotor. Also, the distributions of
relative Mach number (Fig. 13) exhibit supersonic regions
downstream of first NGV which are not periodic. In first rotor,
the regions of accelerated flow are not repeating and the wakes
originated from vanes do not overlap all the rotor blades. The
circumferential variations are more illustrated in the second
rotor due to the convected wakes from upstream components
and the vortex structure near the second NGV casing.
As seen from Fig. 14, the wakes convected downstream of
vanes and blades are the major sources of entropy creation.
The wakes are chopped into segments by the downstream
blade row and are not periodically enveloping the rotor blades,
and behave as a negative jet impinging on the blades which
affects the aerodynamic blade loading. Indeed, because of
velocity deficit in wakes, the inlet flow angles to the next row
are changed. Interactions with the second NGV lead to cir-
(c) 2nd NG
(a) Hub corner of 1st NGV (b) 1st rotor blade
V (d) 2nd rotor blade
Fig. 10 Details of flow structure.
Fig. 11 Static entropy distribution.
Fig. 12 Static pressure at different spans.
Characterization of component interactions in two-stage axial turbine 899cumferential flow distortions which are more accentuated in
the second rotor. As seen from Fig. 15(a), the distribution of
static entropy at exit of first NGV exhibits a circumferentialdistortion reaching its maximum at hub corner where sec-
ondary flows develop. The distribution of static entropy at exit
of first rotor (Fig. 15(b)) depicts the formation of wakes and
Fig. 13 Relative Mach number at different spans.
Fig. 14 Static entropy at different spans.
Fig. 15 Static entropy at exit from components.
900 A. Ghenaiet, K. Touilsecondary flows at the hub corner as well as a vortex structure
seen at the tip of blades. As well illustrated, the hub corner sec-
ondary flow is more important in the 2nd, 4th and 6th blades,
whereas the tip vortices are more important for the 2nd, 4th,
6th and 7th blades. The wakes generated by first NGV are seen
to envelop completely 2nd 4th and 6th blades, but on the con-
trary they are far away from 1st, 3rd and 5th blades. At exit of
second NGV, the entropy contours (Fig. 15(c)) illustrate
accentuated flow distortions resulting from flow mal-
distributions convected from first rotor. The highest level of
entropy is seen behind the second rotor blades (Fig. 15(d))
owing to cumulated wakes and flow distortions originated
from upstream components. The intensity of tip vortex seemsto be affected by the relative position between vanes and
blades of the second stage. As revealed for 2nd and 6th blades,
the size of tip vortex is smaller compared to other blades. At
10% and 90% spans of first rotor blade, the secondary flows
and tip vortex flows mix with upstream wakes so that the
entropy into the second NGV is spread uniformly. The blade
tip vortex strikes the downstream vane leading edge and
displaces to the pressure side of the upper part. As a
consequence of the viscous effects, significant losses are gener-
ated by the tip leakage flow in regions inside and outside the
blade tip gap. The mixing process between the leakage flow
and the mainstream flow is responsible for additional entropy
creation.
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to be sufficient in predicting the average expansion properties
and the subsequent performance maps of the stages of an axial
turbine, but is rather enable to reveal the real physics of inter-
actions between the successive vane and blade rows. In the
other side, the use of multi-blade per a component and the
scaling technique in order to keep the true periodicity better
revealed the effects of relative positions between vanes and
blades on the flow structures, characterized by distortions
especially the second stage.
4. Unsteady flow simulations
The computations of transient flows were carried out based on
the transient rotor/stator interface to account for the vane/
rotor interactions, where the relative motion is considered
via the general grid interface (GGI) connection. This latter
allows connecting grids of non-matching surface extent, nodes
locations and elements types. The unsteady computations used
the second order transient scheme for the transient term dis-
cretization. The time step was taken small enough to get the
necessary time resolution depending on the rotational speed
of the turbine. The transient simulations consist in physically
advancing the flow in a real time, and because of unsteady flow
it is not possible to use the final time-step’s flow field alone in
order to assess the convergence in terms of RMS/MAX resid-
uals and imbalances, but some sort of average over an appro-
priate timescale is required. Therefore, it is necessary to get the
individual time-steps to converge and also small enough as
afforded by the computing resources. The residual was set
equal to 10–6, and the solver iterates till a number of 100 timesFig. 16 FFT spectrums of pressure signals recordedper a step, and if this criterion is not met, the residual line goes
straight with the next iteration. So, this usually requires a
smaller time step and would take too much time to finish
one cycle. The total time of simulation corresponded to one
round of the rotor which is equal to 5.6872 ms. The inner time
step corresponded to Dt ¼ 7:8989 ls equivalent to 0.5 deg of
the first blade row. This sampling time step was taken to have
a good accuracy within the afforded computing resources. The
results of the steady frozen rotor simulations were used to ini-
tialize the transient simulations.
4.1. Spectral analysis
Fast and simple analysis based on FFT is done for the static
pressure fluctuations recorded at different points and lines of
the interfaces planes. The obtained spectrums provided helpful
information in identifying the prevailing modes and the
sources of the cyclic fluctuations, since every source or struc-
ture is characterized by its modal frequency. In addition, such
an analysis may provide information about the locations of the
probes during experiments. The interaction phenomena pro-
duced by the displacement of rotating blades against station-
ary vanes are defined in the chorochronic periodicity model
by a superposition of infinity of rotating waves.23 This model
originates from the fact that the flow is characterized by a dou-
ble periodicity (space and time) as explained by Gerolymos
et al.8 When two blade rows in a relative angular motion are
considered, the unsteady flow in the frame of reference rotat-
ing is periodic and its fundamental frequency is the rotor blade
passing frequency BPF. When one blade row is considered, the
spatial periodicity is equal to the pitch range, but for two rowshalf way at mid-span (nominal operating point).
Fig. 17 FFT spectrums of pressure signals recorded half way near hub and shroud (nominal operating point).
902 A. Ghenaiet, K. Touilwith different blades counts, the unique spatial periodicity cor-
responds to 2p. A particular case exists if blades counts are
multiples of a number N where the spatial periodicity is equal
to (2p/N). These periodicities imply that each flow property is
invariable by the spatial or temporal transformation as high-
lighted by Miton et al.24 If the aerodynamic instabilities areneglected, the unsteady flow in a frame rotating with a given
row is periodic with a fundamental frequency BPF of the adja-
cent blade row.
f1 ¼ ðNR2=2pÞjX1  X2j
f2 ¼ ðNR1=2pÞjX1  X2j

ð1Þ
Fig. 18 Angular positions at a period of time of 5.624 ms.
Characterization of component interactions in two-stage axial turbine 903X1 and X2 are the speed of rotation of rotor 1 and 2. NR1 and
NR2 are the blade count of rotor 1 and 2.
When the flow around two neighboring blades of a given
row is considered, each blade witnesses the same phenomenon
as its neighbor, but with a phase shift b which is a simple func-
tion of blades counts and the direction of relative rotation.
b1 ¼ 2p NR1NR2NR1 sign½X1  X2
b2 ¼ 2p NR2NR1NR2 sign½X2  X1
(
ð2Þ
So the chorochronic periodicity for the property of static
pressure for the blade row 1 or 2 can be expressed by
piðr; hi; z; tÞ ¼ pi r; hi 
2p
NRi
; z; tþ bi
2pfi
 
; i ¼ 1; 2 ð3Þ
where r is the radial coordinate, hi is the tangential coordinate,
fi is the fundamental frequency and bi is the phase shift. Sub-
script i stands for rotor 1 or 2.
Because of the double periodicity in time and space, it is
natural to express the pressure signal in each frame of refer-
ence by a double, time t and space h, Fourier series:
pðr; hi; z; tÞ ¼
Xþ1
n1
Xþ1
m1Pmnðz; rÞe
i½mhnNRiXi tþ/mn  ð4Þ
The sum over n represents the time harmonics and that over
m the space harmonics. Pmn(r,z), /m,n are the amplitude and
the phase at a given position. The above sum is modeled as
a superposition of infinity of rotating waves; each is character-
ized by phase and amplitude, and the rotating speed Xm
depends on the blade row rotational speed as below.
Xmi ¼ nNRi
m
Xi ð5Þ
Teyler and Sofrin23 in their theory provided a relation, as
below, between the time mode and the space mode, where
NR et NS are the rotor and stator blade counts:
m ¼ nNR þ kNS k ¼ ::;1; 0; 1; . . . ð6Þ
The analysis of interactions phenomena is reduced to few
parameters such as the amplitude and rotational speed. It is
hard to observe the chorochronic periodicity in the time
domain, and this is why FFT analysis is performed for the sta-
tic pressure fluctuations to identify their different frequencies
and evolutions in time (domination, appearance or disappear-
ance). Moreover, FFT analysis of pressure signals allows
determining the different existing modes and highlights the
most dominant ones as well as the speed of the corresponding
rotating wave.
4.2. One-blade per passage simulations
The transient rotor/stator interface and the second order tran-
sient scheme were used. The local time step was set equivalent
to 0.5 deg to get the necessary time resolution, and for one
round of the turbine the total simulation time is equal to
5.687 ms. At each interface, the temporal pressure signals were
recorded at mid-pitch points located at 10% span, mid-span
and 98% span. The temporal signals of static pressure depict
a fluctuating character related to the rotation of blades.
Spectrums of static pressure fluctuations recorded at mid-
span of first and second interfaces (Fig. 16) exhibit principal
peaks of frequencies corresponding to the first rotorBPFR1 ¼ X60NR1 ¼ 14:06 kHz. For the third interface there is
a dominant peak corresponding to the second rotor
BPFR2 ¼ X60NR2 ¼ 13:01 kHz, in addition to another peak cor-
responding to BPFR1. At the fourth interface the principal
peak is at a frequency which is related to BPFR2. The other
observed peaks of lower amplitudes may be attributed to the
turbulent structures generated behind blades. As a conclusion,
FFT analysis revealed emergence of pressure waves related to
the potential effect propagating both upstream and down-
stream of moving blades and disturbing the flow structure
through the successive passages.
FFT spectrums of temporal pressure fluctuations recorded
near the hub (Fig. 17) exhibit important fluctuations as the
flow is affected by the wake and passage vortex behind the first
NGV. At the second interface, the amplitude of temporal pres-
sure fluctuations is more important near shroud than hub due
to tip leakage vortex accentuating the flow perturbations
behind the first rotor blade. The second harmonic that corre-
sponds to the second rotor blade passing frequency BPFR2 is
more because of the tip leakage flow acting as a second distur-
bance within each blade passing period. For the third interface
(NGV2/rotor2), the pressure fluctuation has a similar structure
along the spanwise direction which is composed at least by two
waves as revealed by the two principal peaks of BPFR2 and
BPFR1 (equal to 13.01 kHz and 14.06 kHz, respectively). The
attenuation of static pressure fluctuations at 90% span may
be explained by the interaction of upstream thick boundary
layer and tip leakage flow. The fourth interface (rotor2/exten-
sion) is characterized by a fluctuation near the hub which is
stronger than that at shroud and indicated by the fundamental
frequencies BPFR2 and BPFR1. According to the spectrums in
Fig. 17(g) and (h) the pressure wave generated by the first rotor
blades is shown to decay in amplitude. The blade tip vortex
seems to have a strong interaction with the downstream
NGV even with the considerable axial spacing between them.
Beyond 90% span, the unsteady pressure is significantly influ-
enced by the tip-clearance flow and indicates that the blade tip-
vortex flow does not mix enough as it is convected along the
endwall.
After an elapsed time of 5.624 ms which corresponds to the
blades positions indicated by Fig. 18, the spatial pressure sig-
nals were recorded over lines at 10% span, mid-span and
98% span of each interface plane. At mid-span, the spatial
pressure fluctuations (Fig. 19) exhibit an almost periodic char-
acter with a repeating trend over the circumferential direction.
For interface NGV1/rotor1, the related spectrum reveals a har-
monic of 78.79 and its multiples close to the first rotor blade
Fig. 19 FFT spectrums of spatial pressure fluctuations recorded along circumferential lines at mid-span (nominal operating point).
904 A. Ghenaiet, K. Touilcount. At interface rotor1/NGV2 the dominant harmonic is
equal to 54.74, close to the second NGV vane count. Finally,
for the interfaces NGV2/rotor2 and rotor2/extension, the mainharmonics are equal to 72.69 and 72.68 which are close to the
second rotor blade count. The spatial pressure fluctuations
recorded along circumferential lines near the hub exhibit
Fig. 20 FFT spectrums of spatial pressure fluctuations recorded along circumferential lines near hub (nominal operating point).
Characterization of component interactions in two-stage axial turbine 905(Fig. 20) almost similar trends as at mid-span, but there are
differences due to the variations of relative angular positions
between successive vanes and blades rows. The dominant har-monics are those corresponding to the blade count of the com-
ponent downstream of an interface. The angular shift
characterizing each spatial fluctuation corresponds to the posi-
Fig. 21 FFT spectrums of spatial pressure fluctuations recorded along circumferential lines near shroud (nominal operating point).
906 A. Ghenaiet, K. Touiltion of the downstream component at this instant. For the
interfaces rotor1/NGV2 and rotor2/extension, the spatial pres-
sure fluctuations recorded along circumferential lines near the
shroud (Fig. 21) exhibit larger perturbations and flow distor-
tions induced by leakage flow and tip vortices. The wavestructure exhibits a number of lobes equal to the blade count
of each row, for which the harmonics and the rotational speed
of first and second rotor are calculated from Eqs. (5) and (6).
For instance, to have the mode m= 80, the values n= 1 and
k= 0 are taken; leading to a rotational speed Xm1 equal to
Fig. 22 Unsteady pressure at mid-span of multi-blade passages, case of NGV1/rotor1 interactions.
Fig. 23 Unsteady entropy at mid-span of multi-blade passages, case of NGV1/rotor1 interactions.
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tial effect of rotor blades propagating both upstream and
downstream. At a very low mass flow rate, the spectrums of
temporal pressure signals recorded at the interfaces NGV2/
rotor2 and rotor2/extension exhibit peaks of frequencies of
low amplitudes corresponding to BPFR1, revealing a propagat-
ing pressure wave generated by the first rotor through the sec-
ond rotor, as well as a decaying amplitude due to the dumping
effect. Except for the interface rotor1/NGV2, the dominant
frequencies BPFR1 and BPFR2 are more important near hub
than at mid-span, which may be related to the high flow distur-
bances convected downstream of blade rows. Near the shroud
the spectrums reveal secondary peaks at interfaces NGV2/
rotor2 and rotor2/extension corresponding to the vortex struc-
tures occurring through the second blade row. The passage
vortex and leakage vortex interacting with the tip horseshoe
vortex of the second rotor lead to more flow perturbations
near the casing. On the contrary, the pressure wave generated
by the first rotor blade is the dominant perturbation character-
ized by peaks of frequency corresponding to BPFR1 = 14.06 -
kHz. For the two other interfaces, the pressure signals
recorded near the hub of each component have almost similar
trends as those at mid-span, whereas for the interfaces NGV2/
rotor2 and rotor2/extension, the pressure signals differ due to
flow distortions induced by the hub corner vortex structure.
Near the shroud, the spectrums relate the distortions due to
leakage flow and tip vortices downstream of first rotor and
the next component. FFT spectrums reveal first harmonic cor-
responding to the blade count of upstream component. More-
over, at interface rotor2/extension, the dominant harmonic
m= 219.83 (corresponding to 74  3 = 222) is obtained by
setting n = 1 and k= 2, and subsequently the rotational speed
Xm2 is equal to 3516.66 rpm.
The flow simulations based on a one-blade per component
seem to under-evaluate and hide details of unsteadiness relatedto the effect of relative positions between rotating blades and
stationary vanes, particularly the transport of wakes which
interact with the secondary flows and affect the development
of tip vortices. Furthermore, the spatial modulation of flows
through the components does not lead to the correct parame-
ters of chorochronic periodicity characterizing the stator/rotor
interactions. Indeed, these simulations may only produce
results for the temporal variations of flows properties charac-
terized by periodic fluctuations related to the rotating blades
and known as the potential effect that propagates both
upstream and downstream of components.
4.3. Multi-blade per passage simulations
Unsteady flow simulations based on multi-blade per passage
used the transient rotor/stator interface and started from the
frozen-rotor steady flow results. Fig. 22 presents a succession
of images illustrating the instantaneous pressure distributions
at mid-span of NGV1 and rotor1, corresponding to five time
steps of 71.087 ls (each time step is 14.217 ls) covering one
blade passing pitch. As well illustrated, the static pressure dis-
tributions in the first rotor exhibit a non-regular depression
zone over the blades which are repeated after an elapsed time
equal to the rotor blade passing period, i.e. the patterns
between the starting time and the time of 71.087 ls are practi-
cally similar. Moreover, these patterns occur with a phase shift
equal to the pitch of first NGV. According to these patterns, it
may be concluded that the applicability of the chorochronic
periodicity is well illustrated with multi-blade per component.
The generated entropy due to NGV1/rotor1 interactions
during one rotor blade passing period is well illustrated by
Fig. 23, revealing additional losses in the unsteady transport
of wakes through the downstream blade row. The wakes
formed by the first NGV are chopped by the first rotor blades
and transported further beyond the trailing edges where they
(a) NGV1/Rotor1 (mid-span) 
(b) Rotor1/NGV2 (mid-span) 
(c) NGV1/Rotor1 (near hub) 
(d) Rotor1/NGV2 (near hub) 
Fig. 24 Temporal pressure fluctuations and FFT spectrums, recording at half-pitch at interfaces NGV1/rotor1 and rotor1/NGV2.
908 A. Ghenaiet, K. Touilinteract with the wakes, hence resulting in intensified aerody-
namic losses and flow distortions towards the second stage.
The transport of NGV wakes leads to significant fluctuationsin the sizes of secondary flows and separation from blade suc-
tion side can be explained by the local changes of inlet flow
angle during the time of interactions with the passing wakes.
(e) NGV1/Rotor1 (near shroud) 
(f) Rotor1/NGV2 (near shroud) 
Fig. 24 (continued)
Characterization of component interactions in two-stage axial turbine 909The kinetic energy of the tip leakage vortex is in a large part
dissipated during its transport in the structure of the vane pas-
sage vortex.
The temporal static pressure fluctuations recorded at mid-
pitch of interfaces NGV1/rotor1 and rotor1/NGV2 reveal a
transitory mode wherein the static pressure reaches a peaked
value, and then after a period of time about 4 ms it decreases
towards a plateau modulated by periodic fluctuations. The
subsequent spectrums illustrated by Fig. 24(a) and (b) exhibit
a principal peak at BPFR1 = 14.06 kHz corresponding to a
pressure wave propagating both upstream and downstream
of blades rows, and also reveal secondary peaks related to flow
perturbations downstream of the rotor blades. The temporal
pressure fluctuations recorded at half-pitch near the hub of
interfaces NGV1/rotor1 and rotor1/NGV2 reveal a transitory
mode more important than that at mid-span for first interface,
but on the contrary for the second interface the amplitudes of
fluctuations are mostly alike. The perturbations generated near
the hub seem to extend till mid-span downstream of first rotor,
as confirmed by the spectrums of Fig. 24(c) and (d) which
depict a dominant BPFR1 near the hub for interface NGV1/
rotor1, whereas for interface rotor1/NGV2 the amplitudes
are practically the same. Near the shroud of interface
NGV1/rotor1 (Fig. 24(e)) the amplitudes of pressure fluctua-
tions differ due to important flow perturbations which are even
higher for interface rotor1/NGV2 (Fig. 24(f)) as related to the
tip leakage flow and vortices.
The spatial distributions of static pressure recorded, after
an instant of 5.687 ms, along circumferential lines passing at
mid-span of interfaces NGV1/rotor1 and rotor1/NGV2 arepresented through Fig. 25(a) and (b). At first interface there
is a, evidence of regular pressure fluctuations between over-
pressure to under-pressure, but on the contrary for the second
interface the fluctuations do not behave the same due to rela-
tive positions between the trailing edges of first NGV and the
leading edges of first rotor blades. FFT analysis reveals har-
monics multiple of 12 because the large spatial periodicity is
equal to 2p/12. At interface NGV1/rotor1, the lobed structure
generated by first NGV has a dominant harmonic m= 47.83
related to the vane count, whereas at interface rotor1/NGV2
there is a dominant harmonic m= 32 which is a combination
between the first vane count and first rotor blade count (Eq.
(6)). The frequency BPFR1 = 14.06 kHz detected downstream
of first rotor corresponds to the time harmonic n= 1, and in
order to get the spatial mode m= 32, the value of k= 1
has to be taken. Fig. 25(c) and (d) present the spatial distribu-
tions of static pressure recorded along lines passing near the
hub. The corresponding spectrums reveal a dominant har-
monic m= 32 arising from the interaction between first
NGV and first rotor blade, and the speed of this lobed struc-
ture Xm1 = 26,375 rpm which is the same as that at mid-
span. The spectrums (Fig. 25(e) and (f)) related to the spatial
pressure distributions recorded along lines passing near shroud
reveal that the potential effect due to first NGV characterized
by the harmonic m= 47.67 (first vane count) prevails along
the totality of blade span. At interface rotor1/NGV2 the spec-
trum depicts (Fig. 25(f)) a dominant harmonic m= 79.22 that
corresponds to first rotor blade count, in addition to other
peaks which might be related to the blade passage vortex, tip
leakage flow and tip vortices.
(a) NGV1/Rotor1 (mid-span) 
(b) Rotor1/NGV2 (mid-span) 
(c) NGV1/Rotor1 (near hub) 
(d) Rotor1/NGV2 (near hub)
Fig. 25 Spatial pressure fluctuations and FFT spectrums, recording along lines near hub and shroud at interfaces NGV1/rotor1 and
rotor1/NGV2.
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(e) NGV1/Rotor1 (near shroud) 
(f) Rotor1/NGV2 (near shroud) 
Fig. 25 (continued)
Fig. 26 FFT spectrums of static pressure recoded near leading edge of first rotor blade.
Fig. 27 FFT spectrums of static pressure recoded behind trailing edge of first rotor blade.
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912 A. Ghenaiet, K. TouilThe spatial distributions of static pressure recorded along
circumferential lines passing near the leading edge of first rotor
blades and their respective spectrums (Fig. 26(a)–(c)) depict
clearly the propagating wave phenomenon related to the
potential effect attributed to first NGV. The harmonics close
to the value of 80 seem to have higher amplitudes compared
to those of the first interface, hence revealing the importance
of the first rotor potential effect. Just behind the first rotor
blades (Fig. 27(a)–(c)), FFT analysis reveals a harmonic of
31.42 representative of the mode of interaction NGV1/rotor1
near the hub, which is more dominant as compared to poten-
tial effects of first NGV and rotor characterized by harmonics
47.13 and 78.55, successively. At mid-span, the potential effect
related to first rotor is more important compared to that due to
first NGV. Near shroud, the interaction of NGV1/rotor1 is
revealed by the harmonic 96 which is a combination of
n= 3 and k= 3, leading to a pressure wave rotating at a
speed Xm1 = 26,375 rpm. The region of high pressure
unsteadiness located at the upper of leading edge from suction
side is due to interactions of vanes with the blade, typically the
vanes wakes with blade tip-vortices. Another region of high
unsteadiness located at the second vane leading edge above
90% span is attributed to blade tip vortices convected inboard
through the transition duct.
The simulations of unsteady flows of an hp two-stage axial
turbine based on the scaled multi-blade passages allowed pre-
dicting other spatial harmonics which were not detected from
one-blade passage simulations which only permitted detecting
harmonics related to vane and blade counts. Downstream of
first rotor, the effects of interactions are seen to be dominant
from hub to mid-span; while near the shroud the dominant
harmonics correspond to the additional effects of tip leakage
flow and tip vortices.
5. Conclusions
The predicted performance maps of this two-stage axial tur-
bine depict that the aerodynamic characteristics of first stage
are independent from the second stage, but on the contrary,
the second stage is strongly influenced by the first stage. The
multi-blade per passage and the scaling technique allowed
investigating the flow details and the effects of relative motion
between vanes and blades. The wakes generated from
upstream components are shown to induce circumferential dis-
tortions and interact with the secondary flows and tip leakage
flow and vortices of next blade row, thus leading to more
entropy generation.
FFT analysis revealed high flow unsteadiness which was
characterized by a space–time periodicity and described by a
double Fourier decomposition, hence leading to the determi-
nation of different frequencies and prevailing modes and their
originating sources. The circumferential distributions of static
pressure at each interface show a lobed structure of pressure
wave corresponding to the vane and blade counts propagating
both upstream and downstream of the components. The
potential effect is seen to prevail along the quasi totality of
blade span, while downstream of blades and near the shroud
the dominant effect is rather attributed to the tip flow vortical
structure. Finally, this study produced an insight about some
complex phenomena related to vanes/blades interactions, and
also may guide experimentalists to set the effective positionsfor the pressure probes positions in order to get the complete
measurements data.References
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